F unctional analysis of isolated membrane proteins in vitro requires reconstitution into lipid membranes, as the conformations and the functions of these proteins often critically depend on the lipid environment. 1À6 In order to cope with the low abundance and stability of most membrane proteins, efficient analytical platforms are required for rapid and efficient reconstitution, which are compatible with a broad range of spectroscopic techniques. In particular, single molecule fluorescence techniques offer versatile means to investigate the complex interplay between the dynamics of diffusion within the membrane and the interactions with soluble and membranous interaction partners as well as potential conformational changes.
F unctional analysis of isolated membrane proteins in vitro requires reconstitution into lipid membranes, as the conformations and the functions of these proteins often critically depend on the lipid environment. 1À6 In order to cope with the low abundance and stability of most membrane proteins, efficient analytical platforms are required for rapid and efficient reconstitution, which are compatible with a broad range of spectroscopic techniques. In particular, single molecule fluorescence techniques offer versatile means to investigate the complex interplay between the dynamics of diffusion within the membrane and the interactions with soluble and membranous interaction partners as well as potential conformational changes.
7À11
Solid-supported membranes are readily combined with a broad range of spectroscopic and microscopic techniques 12À17 and are readily combined with microfluidics for versatile and multiplexed sample handling. 18, 19 For reconstitution of transmembrane proteins, thin polymer cushions are required in order to minimize nonspecific interactions with the substrate surface.
12,20À23 Such polymer-supported membranes (PSM) have been successfully used to reconstitute transmembrane proteins on different substrates.
20À22,24À29 Commonly, the substrates are coated with ultrathin layers of hydrophilic, noncharged polymers such as carbohydrates or poly(ethylene glycol) (PEG). Typically, these polymers do not interact with lipids or liposomes and spontaneous vesicle fusion is not observed except on very rigid polysaccharide layers. 30 For more efficient vesicle capturing and membrane tethering, hydrophobic anchoring groups are incorporated. 31 Membrane protein reconstitution into PSM has been achieved by using tethered lipid monolayer assembly based on LangmuirÀBlodgett transfer, 25, 32, 33 which is rather intricate and time-consuming. For analytical applications requiring flow-through sample handling, repeated use of the same substrate surface for membrane protein reconstitution in PSM is desired, which is not possible by this approach. Thus, selfassembly of PSM via vesicle fusion initiated by covalently attached hydrophobic anchoring groups are more suitable for high-throughput application. 34, 35 This approach also provides versatile means for lateral organization of membranes in micropatterns, 35À37 which is an important prerequisite for multiplexed assays. However, obtaining contiguous and homogeneous PSM by direct vesicle fusion is challenging. At high densities of hydrophobic anchoring groups required for efficient vesicle ABSTRACT: We have established a robust and versatile analytical platform for probing membrane protein function in a defined lipid environment on solid supports. This approach is based on vesicle capturing onto an ultrathin poly(ethylene glycol) (PEG) polymer brush functionalized with fatty acid moieties and subsequent vesicle fusion into a contiguous membrane. In order to ensure efficient formation of these tethered polymer-supported membranes (PSM), very small unilamellar vesicles (VSUV) containing fluorescent lipids or model transmembrane proteins were generated by detergent depletion with cyclodextrin. Thus, very rapid reconstitution of membrane proteins into PSM was possible in a format compatible with microfluidics. Moreover, surfaces could be regenerated with detergent solution and reused multiple times. Lipid and protein diffusion in these membranes was investigated by fluorescence recovery after photobleaching, single molecule tracking, and fluorescence correlation spectroscopy. Full mobility of lipids and a high degree of protein mobility as well as homogeneous diffusion of both were observed. Quantitative ligand binding studies by solid phase detection techniques confirmed functional integrity of a transmembrane receptor reconstituted into these PSM. Colocomotion of individual ligandÀreceptor complexes was detected, demonstrating the applicability for single molecule fluorescence techniques.
Analytical Chemistry ARTICLE fusion, free diffusion of proteins is obstructed. 33 At low density, however, hydrophobic anchoring groups do not effectively initiate vesicle fusion but merely yield tethered vesicles. 34, 38 Here, we have implemented a versatile approach for membrane protein reconstitution in polymer-supported membranes which is compatible with many ensemble and single molecule detection techniques as well as fluidic sample handling. This approach is based on membrane protein reconstitution into highly monodisperse very small unilamellar vesicles (VSUV), which were generated by detergent extraction with cyclodextrin. 39 We demonstrate that liposomes and proteoliposomes obtained by this technique are readily fused after capturing to a PEG polymer brush functionalized with palmitic acid groups (Scheme 1). We show fast and homogeneous diffusion of lipids and model transmembrane proteins within these membranes using fluorescence recovery after photobleaching (FRAP), fluorescence correlation spectroscopy (FCS), and single molecule tracking (SMT). This approach was successfully employed for probing diffusion and ligand interactions of the transmembrane type I interferon (IFN) receptor subunit IFNAR2 by SMT and total internal reflection fluorescence spectroscopy (TIRFS).
' EXPERIMENTAL SECTION Materials. Materials and experimental procedures for protein production and labeling are described in the Supporting Information. Surface Chemistry and Surface CharacterizationSurface chemistry was carried out on natively oxidized silicon wafers, on transducer slides for reflectance interference detection (a thin silica layer on a glass substrate), and on glass cover slides for fluorescence microscopy. Surface coating with a thin PEG polymer brush and further functionalization was carried out as described in detail previously: 40 After surface cleaning in fresh piranha solution (one part H 2 O 2 30% and two parts concentrated H 2 SO 4 ) the surface was activated by reaction with pure GOPTS for 1 h at 75°C. Subsequently, the surface was reacted with molten DAPEG for 4 h at 75°C. Thereafter, a solution of 0.5 M palmitic acid and di-isopropylcarbodiimide in DMSO was incubated for 45 min at room temperature. Surface characterization by ellipsometry and contact dynamic angle goniometry is described in the Supporting Information.
Preparation of Liposomes and Proteoliposomes. Liposomes and proteoliposomes were prepared from detergent solution by addition of cyclodextrin which was described previously. 39 A thin lipid film was prepared from a solution of SOPC in chloroform, which was removed in vacuo. This lipid film was solubilized in 20 mM Hepes, 150 mM NaCl, pH 7,4 (HBS) supplemented with Triton X-100 resulting in a lipiddetergent stock solution of 5 mM SOPC and 20 mM Triton X-100. Liposomes were prepared from a 20-fold dilution of the stock solution in HBS by addition of cyclodextrin to a concentration of 2 mM followed by thorough mixing. Incorporation of the fluorescent lipids BHPC, OG-DHPE, or DiD into the vesicles was achieved by preparation of lipid-detergent stock solutions with molar ratios for fluorescent lipid/SOPC of 1:10 3 for an ensemble and 1:10 6À7 for single molecule measurements. Reconstitution of transmembrane proteins was achieved by incubation of the lipid-detergent stock solution with the protein for >10 min, 20-fold dilution in HBS containing 25 mM EDTA (HBSE), and subsequent detergent removal by cyclodextrin. The fluorescently labeled transmembrane proteins were added in molar ratios of 1:10 3 (labeled protein/SOPC) for ensemble measurements. Ratios of 1:10 6À7 (labeled protein/SOPC) were used for FCS and SMT. The protein reconstitution samples for single molecule studies contained additional unlabeled MBP-ALA 7 at a ratio of 1:10 3 (protein/SOPC) in order to minimize unspecific interactions of labeled protein with the surface.
Quantitative Analysis of Diffusion and Interaction. Vesicle binding and fusion at surfaces, protein reconstitution, and proteinÀprotein interactions were monitored in real time by simultaneous TIRFS and reflectance interference (RIF) detection in a flow-through system using a home-built setup, which has been described before. 41, 42 All experiments were carried out in HBSE. Diffusion of fluorescence-labeled lipids and proteins was explored by FRAP, SMT, and FCS as described in detail in the Supporting Information.
' RESULTS AND DISCUSSION Surface Modification. For selective capturing of liposomes onto the surface of a dense polymer cushion, we coupled palmitic acid moieties to an amine-functionalized PEG polymer brush (PEG/PA). Ellipsometric analysis of the surface layer confirmed a high-density PEG layer. Approximately 60% of the PEG chains were reacted with palmitic acid (Supporting Table S-1 in the Supporting Information) yielding a density of 0.5 palmitic acid moieties per nm 2 . Dynamic contact angle measurements revealed that the functionalization of the PEG polymer brush with palmitic acid moieties was accompanied by a significant increase in the hydrophobicity (Supporting Table S-1 in the Supporting Information). However, this increase in hydrophobicity was moderate compared to a silanized surface directly modified with Analytical Chemistry ARTICLE hexadecane thiol (Θ a , 93°; Θ r , 64°). 40 Thus, a relatively high density of anchoring groups was achieved without rendering the surface extremely hydrophobic.
Vesicle Capturing with Hydrophobic Anchoring Groups. All reconstitution experiments were carried out with pure SOPC, which guarantees membrane fluidity at room temperature and an electrostatically neutral membrane surface. For the preparation of small unilaminar vesicles (SUV) and proteoliposomes, we employed rapid detergent depletion by cyclodextrin that forms an inclusion complex with the detergent. 39, 43 Surprisingly, the SUV obtained by this method were so small, that very little light scattering was observed in the solution. We therefore characterized the size distribution in more detail by dynamic light scattering and by transmission electron microscopy (Figure S-1 in the Supporting Information). These measurements confirmed the formation of very small unilaminar vesicles (VSUV) and proteoliposomes with an average diameter of 18À25 nm and a narrow size distribution. Capturing these VSUV to PEG polymer brush-modified surfaces functionalized with palmitic acid moieties was quantitatively probed by label-free detection using reflectance interference detection (RIF). Upon injection of VSUV, strong binding was observed ( Figure 1 ) reaching a typical surface loading of 7À8 ng/mm 2 . A lipid bilayer obtained by vesicle fusion on a clean glass support yields only 4À5 ng/mm 2 . Vesicles could be removed quantitatively by injection of detergent, and the same binding signal was obtained upon subsequent injection of VSUV (Figure 1 ). Reversible vesicle capturing was possible on the same surface for dozens of cycles without a significant loss in binding capacity. Specific vesicle capturing by palmitic acid anchoring groups was confirmed by negative control experiments with nonfunctionalized PEG surfaces (Figure 1) .
PEG-Induced Vesicle Fusion. After capturing VSUV containing a lipid analogue labeled with BODIPY-FL (BHPC) onto palmitic acid-functionalized surfaces, a homogeneous fluorescence distribution on the surface was observed by confocal fluorescence microscopy ( Figure S . Lipid diffusion kinetics in the resulting membranes was quantitatively explored by FRAP at different bleaching spot diameters. Under all conditions, rapid FRAP was observed with a mobile fraction close to 100%, confirming full fusion of captured liposomes. The diffusion times at different bleaching radii were determined by fitting the FRAP curves (Figure 2a) . Very good linear correlation of the diffusion times with the bleaching radii confirmed homogeneous diffusion properties within the PSM (Figure 2b) . A diffusion constant of 3.1 ( 0.4 μm 2 /s was obtained for the BHPC probe. This diffusion constant is comparable to the mobility of lipids in PSM obtained by FRAP on ultrathin cellulose 45 and slightly higher than in PSM obtained by vesicle fusion onto the LBtransferred lipid monolayer.
25 Strikingly, a significantly higher mobile fraction of lipids was observed (∼100%) compared to these more sophisticated approaches. The PSM was quantitatively removed during washing with detergent, and fresh VSUV could be captured and fused again into a contiguous PSM. Throughout more than 10 repeated vesicle fusion experiments on the same surface, there were no significant changes in the diffusion properties of the lipid probes.
Lipid Mobility Explored by Single Molecule Techniques. In order to explore the local lipid mobility in the PSM, diffusion of the BHPC probe was probed by SMT. Rapid diffusion of individual BHPC was observed (Video 1 and Figure S Table 1 ). The strictly linear correlation of the mean square displacements with the lag time confirmed free Brownian diffusion (Figure 2d) . Moreover, the local mobility of BHPC was measured using z-scan FCS that varies the observation area according to the focusing properties of the excitation laser light along the z-axis. (Figure 2e) , an average diffusion constant of 5.9 ( 0.8 μm 2 /s was determined. The linear correlation of the diffusion times with the squared beam radius has an intercept close to zero confirming free diffusion of the lipid probe (Figure 2f ). This diffusion constant is close to the diffusion constants observed in giant unilaminar vesicles (GUV) demonstrating successful decoupling from the glass support. 48, 49 Differences of the measured diffusion constants with different methods may be attributed to weak surface or tether interactions and would therefore depend on the detection area, which are very different for the different techniques (<1 μm 2 for z-scan FCS, ∼10 μm 2 for SMT, and 10À100 μm 2 for FRAP). However, even for highly homogeneous lipid membranes obtained by SUV fusion on glass support, similar differences in the diffusion constants were observed. 49 Overall, our results confirmed free and homogeneous mobility of the lipid probe in the PSM from the nanometer to micrometer scale and the compatibility of the surface architecture with single molecule fluorescence techniques.
Protein Reconstitution into PSM. In the next step, we established reconstitution of model transmembrane proteins into these PSM. Proteoliposomes containing maltose binding protein fused to the transmembrane helix of IFNAR1 (MBP-TM1) labeled with Alexa Fluor 488 ( AF488 MBP-TM1) were prepared by detergent extraction with cyclodextrin in exactly the same way as pure lipid VSUV. Orientation assays by proteinase K digestion suggested that ∼80% of MBP-TM1 was oriented with the soluble MBP domain outside of the vesicle ( Figure S (Figure 3a) . From quantitative analysis of the FRAP curves at different bleaching areas (Figure 3b) , diffusion times were obtained, which showed a linear correlation to the square radius of the bleached area (Figure 3b ). From these analyses, an average diffusion constant of 0.5 ( 0.1 μm 2 /s and a mobile fraction of 81 ( 2% were obtained for this protein. This diffusion constant is in very good agreement to the diffusion constant observed for similar membrane proteins on cellulosesupported membranes 45 and PEG-supported membranes produced by LB.
26
Diffusion of Proteins in PSM Probed by SMT and FCS. We investigated the diffusion of individual transmembrane proteins reconstituted into PSM by SMT. For this purpose, AF488 MBP-TM1 was reconstituted into liposomes at a very low protein/lipid ratio (1:10 6 ). In order to minimize nonspecific binding, unlabeled MBP-ALA 7 was coreconstituted at a higher protein/lipid ratio (1:10 3 ). These vesicles were fused on the solid support and the diffusion of individual proteins in the membrane could be observed by single molecule imaging (Video 2 in the Supporting Information). Typical trajectories are shown in Figure 4a . Trajectory analysis revealed homogeneous diffusion with a diffusion (Figure 4b,c) , similar to the diffusion constant determined by FRAP. Protein diffusion in PSM was also probed by z-scan FCS carried out under the same conditions as the SMT experiments. Typical autocorrelation curves are shown in Figure 4d . From z-scan analysis (Figure 4e,f) , a diffusion constant of 2.1 ( 0.4 μm 2 /s was determined. This value is significantly higher than the diffusion constant observed by FRAP and SMT, suggesting that the very local, submicrometer-scale diffusion is faster compared to diffusion on the scale of several micrometers. However, FCS measurements generally show faster diffusion in membranes compared to FRAP and SMT. 49 Protein Interactions of IFNAR2-TM Reconstituted into PSM. For probing interactions of membrane protein reconstituted into PSM, we employed the type I interferon receptor subunit IFNAR2, which binds its protein ligand IFNR2 with nanomolar affinity. 50 To this end, transmembrane IFNAR2 without its large, unfolded cytoplasmic domain was expressed in Sf9 insect cell, purified from the membrane fraction, and labeled with Dy547 ( Dy547 IFNAR2-TM). Dy547 IFNAR2-TM was readily reconstituted into VSUV by detergent depletion with cyclodextrin. Simultaneous TIRFS/RIF detection confirmed rapid capturing and fusion of these VSUV to PEG/PA surfaces and efficient incorporation of Dy547 IFNAR2-TM (Figure 5a ). After washing off excess lipids by intensive washing at a flow rate of 125 μL/s, 50 nM IFNR2 labeled with Dy647 ( Dy647 IFNR2) was injected. Fast, reversible binding of Dy647 IFNR2 was observed, while no significant binding could be observed in the were obtained from the fit, which are in very good agreement with the rate constants observed for the interaction of fluorescent labeled IFNR2 with the ectodomain of IFNAR2. 51, 52 For probing proteinÀprotein interactions in PSM on the single molecule level, Dy547 IFNAR2-TM was reconstituted into VSUV and fused on the surface at low concentrations. Free diffusion of Dy547 IFNAR2-TM was confirmed by SMT (Video 3 in the Supporting Information and Figure 6a ) and by FCS ( Figure S-7 
' CONCLUSIONS
We have here established a versatile analytical platform for probing diffusion and interactions of reconstituted membrane proteins in polymer-supported membranes. This approach involves reconstitution of transmembrane proteins into VSUV by detergent extraction with cyclodextrin. This method is compatible with a broad spectrum of detergents used for membrane protein solubilization 39, 53 and allows for rapid and automatized membrane protein reconstitution. 53 In contrast to classic heterogeneous phase reconstitution techniques using polymer beads for detergent adsorption, 54 these proteoliposomes can be immediately applied for assembly of PSM. Highly specific capturing of VSUV to a dense PEG polymer brush functionalized with palmitic acid groups was achieved, which is much faster compared to spontaneous fusion on cellulose support. 45 Fusion of captured vesicle and assembly of the membrane are induced by PEG solution, thus giving the opportunity to mix vesicles containing different components on demand. Moreover, the surface can be regenerated with detergent solution and therefore the same substrate can be used repeatedly. This is particularly useful in combination with automated microfluidics, providing the possibility for rapid assays with minimum sample consumption. Thus, membrane composition and protein concentrations can be readily varied. We have demonstrated that diverse spectroscopic techniques are compatible with these PSM. Label-free solid phase detection as well as TIRFS detection in a flow-through format could be used for probing vesicle binding and fusion as well as interactions with a reconstituted membrane protein. Moreover, lipid and protein diffusion was characterized in detail by fluorescence correlation spectroscopy and single molecule imaging. These techniques not only confirmed homogeneous membranes on the micro-to submicrometer scale but also allow exploring protein function and dynamics on the single molecule level. Thus, it was possible to track individual protein complexes in PSM. The simple, rapid, and rugged PSM format presented here is particularly useful for such functional studies on reconstituted membrane proteins, because incubation with different samples is readily achieved by microfluidic sample handling. This analytical platform is well suitable for functional analysis of membrane proteins in a defined lipid environment, requiring minute protein quantities and offering very rapid reconstitution schemes, which are readily automatized. These features are particularly important for membrane proteins, which are often very fragile and difficult to obtain in large quantities. The versatile bottom-up surface chemistry is compatible with all glass-type substrates, offering broad application of spectroscopic and microscopic techniques. Moreover, patterning of the membrane can be readily achieved by photodeprotection strategies as demonstrated before for protein immobilization, 52 which will allow multiplexed assay formats. ' REFERENCES
